Brines and evaporites are raw materials used in manufacturing many industrial chemicals including chlorine gas used in producing some plastics, ethylene dibromide used in gasoline antiknock preparations, potassium used in fertilizer, sodium carbonate and boric acid used in manufacturing glass, and sodium sulfate used in manufacturing paper.
Brines and evaporites worth billions of dollars are produced worldwide each year.
Many currently exploited evaporite and (or) brine deposits formed by solar evaporation.
The economic importance of ancient evaporite deposits is one of the factors that stimulated the search for modern analogs to these deposits.
The coast of the United Arab Emirates (Trucial States), which borders Saudi Arabia on the east, has become a classic area for the study of active evaporitic processes. Studies by Kinsman (1965 Kinsman ( , 1969 , Butler (1969 Butler ( , 1973 , Patterson (1972, unpublished data) , Bush (1973) , and by many others have helped define the processes that are active in sabkhah environments. These studies have led to a reevaluation of many ancient evaporite deposits to determine if the deposits contain sedimentary features characteristic of modern sabkhahs. 
SAMPLING AND ANALYTICAL METHODS
Water samples were collected from holes dug to ground water, from springs and wells, and from the Arabian Gulf (pi. 1). The water samples were analyzed in the DGMR (Directorate General of Mineral Resources)-USGS chemical laboratory. Most water samples are brines collected from holes dug to the water table.
A typical hole from which a water sample was collected was about 50 cm in diameter at the sabkhah surface and tapered to about 30 cm in diameter at the water table.
Samples were collected in 500-ml polyethylene bottles that had been cleaned with distilled water and dried.
The bottles were rinsed with sample prior to filling and sealed after filling.
Samples that contained visible quantities of suspended sediment were filtered in the laboratory.
The pH was measured in the laboratory with a pH meter and combination glass pH electrode.
Bicarbonate was measured in the laboratory by titration of the sample to a pH of 4.5 with dilute sulfuric acid.
Calcium, magnesium, sodium, and potassium concentrations were determined by atomic absorption techniques with an atomic absorption spectrophotometer. Chloride concentration and fluoride activity were measured with Orion electrodes.
Concentration of silica (molybdate blue method) and sulfate (turbidimetric method) (Tabatabai, 1974) were determined with a spectrophotometer. Dilute conductivity (Rossum, 1949) was measured with a conductivity meter.
Water-sample density was measured with a chain gravitometer. Charge balance and agreement between measured and calculated specific conductance (Rossum, 1949) are within +_ 14 percent.
In 148 of 164 analyzed water samples, charge balance and agreement between measured and calculated specific conductance are within _+ 5 percent. Results of the analyses are presented in table 1.
The average relative standard deviations of the analytes are presented in table 2.
These values are calculated by methods suggested by Garrett (1969) and described in Rose and others (1979) and are based on the results of the analyses of 10 duplicate water samples.
The term analyte is used to indicate the element or physical property being determined. Because the average relative standard deviations given in table 2 are based on only 10 duplicate water samples, they must be regarded as approximations.
The average relative standard deviation, also known as the coefficient of variation (Rose and others, 1979) , provides an estimate of the precision of an analytical method. The precision of the data presented in table 1 is sufficient to indicate whether a water sample contains an anomalous quantity of an individual ion in solution and to delineate general geochemical trends in the data. However, the data are probably neither precise nor accurate enough to use in thermodynamic calculations. Although the pH values given in table 1 are relatively precise, they are not necessarily accurate because accurate determination of pH is particularly difficult in waters having high ionic strength (Bates, 1973) .
The difficulties described by Bates in determining pH in solutions of high ionic strength also apply to some extent to other electrochemical analytical methods.
Because both fluoride activity and bicarbonate concentration were determined by electrochemical methods, those results are also of questionable accuracy.
Water analyses can be checked with the dilute conductance method (Rossum, 1949) . This method compares the specific conductance of a water sample diluted by distilled water to a conductivity between 90 and 120 micromhos with the specific conductance calculated by summation of the increments of conductance contributed by each determined ion in the sample. Dilution of a water sample to a conductivity of between 90 and 120 micromhos tends to break into their component ions the labile (unstable) complexes and ion pairs that often form in brines.
The calculated conductivity values given in table 1 were not directly measured but instead are based on the conductivity of water samples diluted by distilled water to a conductance between 90 and 120 micromhos. The calculated conductivity can be found by solving the following formula:
where C is the calculated conductivity (in millimhos), Ml is the volume (in ml) of distilled water used to dilute the sample, M2 is the volume (in ml) of sample, and D is the specific conductance (in micromhos) of the diluted sample.
GEOLOGY OF SABKHAHS
Many of the first studies of sabkhahs (also spelled sabkhas) were conducted on the coast of the United Arab Emirates (Kinsman, 1969) .
Generally, the descriptions of these sabkhahs and the physical processes active in them also apply to sabkhahs in Saudi Arabia (Skipwith, 1971; Johnson and others, 1978) . Kinsman (1969) described sabkhahs in the United Arab Emirates and defined two basic types, continental sabkhahs and coastal sabkhahs, both of which are present within 100 km of the Arabian Gulf coast of Saudi Arabia. The sabkhahs in the United Arab Emirates (Patterson, 1972, unpublished data) , like those in Saudi Arabia, are characterized by a shallow water table and an open hydrologic system. Most of the sabkhah surfaces are approximately in deflational equilibrium (Kinsman, 1969) . The height to which the capillary fringe of the ground water extends above the water table determines the base level to which deflation is effective in removing sediment. Below the capillary fringe, sediments are too moist to be easily removed by deflation.
Based on studies of Br/Cl and Br/K ratios, Patterson and Kinsman (1977) found that a large percentage of the water in the hydrologic systems of both coastal and continental sabkhahs in the United Arab Emirates is derived from continental rather than marine sources. In Saudi Arabia, most of the water underlying both coastal and continental sabkhah surfaces is probably also of continental origin.
The two largest oases in the Eastern Province are Al Qatif and Al Hasa (pi. 1).
Both oases have abundant nearsurface waters.
At Al Qatif, hand-dug wells penetrate an Eocene dolomitic limestone of the Dammam Formation and karst springs are common.
At Al Hasa, springs discharge from a Neogene marly limestone of the Hofuf Formation (Job, 1978) . Dincer and others (1974) believe that all coastal-belt aquifers in the Eastern Province are connected and that water from rocks of the Umm ar Radhuma Formation of Paleocene and early Eocene age penetrates overlying aquifers.
Based on both water chemistry and static water levels in the various aquifers, Job (1978) suggested that in the area of both Al Hasa and Al Qatif oases, all Tertiary aquifers are hydrologically connected by faults and (or) joints and discharge water from rocks of the Umm ar Radhuma Formation. He further suggested that in the area of Al Hasa oasis, water from rocks of the Umm ar Radhuma Formation rises along joints to beds of Neogene age without any significant loss of pressure.
Studies by Dincer and others (1974) and Job (1978) suggest the following origin of sabkhahs in the Eastern Province: Water from the Umm ar Radhuma Formation rising along faults and (or) joints locally produces a water table in the overlying unconsolidated eolian sediments high enough for a sabkhah surface to form in equilibrium with deflational processes.
Fault or joint control of sabkhah formation would also explain the observation that the long axes of many of the sabkhah surfaces in the eastern coastal belt north of lat 27° N. appear to be parallel or subparallel (pi. 1). In this area, the long axes of the sabkhah surfaces trend slightly northeast of north and do not appear to be related to the present coastline. Both Red Sea transform faults (D. Stoeser, 1981, oral commun.) and the long axis of the Ghawar anticline also trend approximately the same direction, but the similarity of trends may be fortuitous.
EVAPORITES
In modern sabkhahs on the Arabian Peninsula, authigenic minerals such as aragonite, high-magnesium calcite, gypsum, anhydrite, celestite, halite, dolomite, magnesite, and huntite have been found (Kinsman, 1969; Bush, 1973) . Unlike the authigenic minerals found in ancient evaporite deposits, most authigenic minerals in modern sabkhahs on the Arabian Peninsula either have not yet been found in sufficient quantity to justify commercial exploitation, or they contain contaminating elements that discourage their industrial utilization. Halite is the only authigenic evaporite mineral currently exploited in Saudi Arabia.
Whereas the halite reported on the coast of the United Arab Emirates is described as forming a crust on the sabkhah surface (Kinsman, 1969) , three known bedded salt (halite) deposits, each at least 4 m thick, are associated with sabkhahs in Saudi Arabia.
Probably none of these salt deposits extends horizontally more than 10 km in any direction.
The thicknesses of these deposits indicate that they did not form at or below a sabkhah surface. They probably formed at a sediment-solution or salt-solution interface.
The Arabian American Oil Company (1955a) described a bedded salt deposit 6 km north of Umm as Sahik (pi. 1) that was approximately 1.2 m thick and a surface crust of halite located about 10 km westerly of Umm as Sahik (pi. 1) that ranged in thickness from a few centimeters to about 16 cm. Both these deposits are located on Sabkhah ar Riyas. The Arabian American Oil Company (1955b) also discovered a bedded halite deposit while it was drilling seismic survey holes across Sabkhah Jayb Uwayyid (Sabkha Jab Awaiyid). The halite was in a continuous bed that ranged from about 30 cm to about 4 m in thickness and was about 5 km long and 1.8 km wide. The top of the bed was approximately 3 to 4.5 m below the sabkhah surface.
The Arabian American Oil Company (1955b) estimated the deposit to be at least 11 million cubic meters in size and to contain in excess of 24 million metric tons of salt. Salt in this deposit is not being exploited.
Salt for use in Saudi Arabia is being produced 10 km south of Ra's al Qurayyah and at the Sabkhah Aba al Hamam (pi. 1). Both deposits are naturally exposed at sabkhah surfaces. The salt produced is used by Basic Chemical Industries (R. Ashford, oral commun., 1981) for the generation of chlorine gas and caustic soda and by Arabian American Oil Company at some of its oil refining and production facilities.
Although salt has been produced at Aba al Hamam for several years, there is no indication that the deposit at Ra's al Qurayyah produced salt prior to 1979. In both deposits, the method of salt production and the appearance of the salt is similar. The salt forms layers that range from about 1.3 cm to more than 8 cm in thickness, layers 3 cm thick being common. These salt layers are separated by layers less than 2 mm thick that are composed of silt-and clay-size particles and anhydrite.
Some anhydrite nodules as much as 5 cm in diameter are also found.
Salt is mined with an excavator that is capable of recovering salt located at least 4 m below the sabkhah surface. Because the water table is within 15 cm of the sabkhah surface, a brine-filled pit remains where the salt was removed. At Ra's al Qurayyah, salt is collected in the excavator bucket and sloshed two or three times in the brine to help remove the interlayered silt, clay, and anhydrite. After a salt and mud mixture that usually covers the salt surface is scraped away, the washed salt is piled beside the excavated pit. At Aba al Hamam, salt is excavated without being sloshed in the brine and is piled beside the brine-filled pit. To partially clean the salt at Aba al Hamam, brine is pumped over the salt pile from the adjacent brine-filled pit. At both deposits, the partially cleaned salt is transported by truck to the site where it is utilized. At Ra's al Qurayyah, at least 7 km2 of bedded salt is located either at or within 10 cm of the sabkhah surface and the salt is at least 4 m thick in the area where it is mined. At Aba al Hamam, at least 0.25 km2 of bedded salt is exposed and the salt is at least 4 m thick in the area where it is mined. The Ra's al Qurayyah deposit probably contains at least 64 million metric tons of salt, and the Aba al Hammam deposit at least 3 million metric tons.
BRINES Chemistry
More than 160 water samples were collected in the Eastern Province from continental and coastal sabkhahs, wells, springs, sumps, and the Arabian Gulf (pi. 1). Water samples from sabkhahs were collected from hand-dug holes that reached ground water. The water table was mostly at depths less than 90 cm below the sabkhah surface. More than 40 water samples, the largest number of samples from an individual sabkhah, were collected from the Jayb Uwayyid sabkhah.
Sabkhah-associated brines in the eastern coastal belt form either by solar evaporation of the ground water below a sabkhah surface or by partial dissolution of preexisting saline minerals. Most sabkhah-associated brines are probably the product of solar evaporation.
On and near the east coast of Saudi Arabia, the water table is less than 100 cm below the sabkhah surface in most places. Because of the relatively shallow depth to the water table, water in the upper part of the capillary fringe can evaporate and a brine can form within the sabkhah sediments. However, the evaporation rate of ground water through the upper part of a sabkhah is much less than the evaporation rate of water exposed at the ground surface (Patterson, 1972, unpublished data) .
In the Eastern Province, ions that constitute a significant percentage of the total solute weight include sodium, potassium, calcium, magnesium, chloride, and sulfate and are referred to as major ions. The method by which a brine has evolved, whether by solar evaporation or by dissolution of saline minerals, may not greatly affect the resulting majorion chemistry of the brine. If a brine forms by solar evaporation, chemical equilibrium in the brine is maintained by the precipitation of authigenic minerals when their solubility in the brine is exceeded. If a water contacts a mineral with which the water is undersaturated, the mineral will dissolve until the contacting water is saturated with that mineral.
The brines produced by either of these processes are in equilibrium with minerals that commonly are found in sabkhah environments, and the major-ion chemistry of brines produced by either process may be similar, without regard for of the mechanism by which they evolved.
Calculated conductivity is a useful quantity for monitoring the behavior of individual elements as they are concentrated in solution by evaporation.
Whereas individual elements tend to precipitate in the crystal lattice of minerals whose solubility is exceeded during evaporation of the enclosing solution, the calculated conductivity, like the total dissolved solids, increases in proportion to the amount of water removed from the solution by evaporation.
To calculate the amount of total dissolved solids in solution requires determination of the concentration of most of the major ions present in the sample.
To determine the calculated conductivity requires only that the specific conductance of the diluted sample be measured. For these reasons, calculated conductivity is the preferred quantity to use for estimating the total amount of major ions in solution and for monitoring the behavior of individual elements as they are concentrated in solution by evaporation.
Another method of monitoring the evaporative evolution of seawater is by measuring the density of the evolving brine. Density data for seawater have been determined by Usiglio (in Clarke, 1924) .
The density of water from the Mediterranean Sea is 1.026 gm/cm3; halite will begin to precipitate from seawater after it has evaporated to a density of 1.214 gm/cm3. Although the source of water for most brines that evolved in the eastern coastal belt is continental ground water rather than seawater, the relative proportions of the major ions are close to those in seawater (Clarke, 1924) .
The main difference between the relative proportions of major ions in seawater ( fig. 2) and an average brine sample collected from the Eastern Province ( fig. 3) is that the relative amount of chloride is about 5 weight percent less in seawater than in average ground water and the relative amount of sulfate is about 5 weight percent greater. Whereas this difference may slightly affect the density at which halite precipitates from the coastal brines, the density determined by Usiglio (in Clarke, 1924) for the precipitation of halite from seawater is essentially valid for most coastal brine samples.
Most samples had not evaporated to the extent that they had become saturated with halite. Only 5 brine samples had a density greater than 1.214 gm/cm3 but 26 brine samples had a density greater than 1.20 gm/cm3 (fig. 4) .
Sample 144051 had the highest density (1.267 gm/cm3); it was collected from the brine pit in the Aba al Hamam salt deposit, where the brine is exposed to the atmosphere. The other 4 samples having densities greater than 1.214 gm/cm3 were either associated with salt that had precipitated on the sabkhah surface or were collected from holes dug to ground water above the buried salt deposit at Jayb Uwayyid.
Gypsum is a common mineral in sabkhah sediments in the Eastern Province, and most if not all ground water associated with sabkhahs in this area is probably saturated with gypsum regardless of ground-water density (Johnson and others, 1978) .
Gypsum saturation of sabkhah-associated brines was also noted on the United Arab Emirates coast by Patterson (1972, unpublished data) .
As equal molar amounts of calcium and sulfate are removed from solution upon evaporation of gypsum-saturated water, a Ca/S04 molar ratio greater than one will increase and a ratio less than one will decrease upon evaporation of the water, unless the ratio is modified by other processes during the evolution of the water.
The less conductive samples, those which have probably evaporated the least, have Ca/S04 ratios whose logs tend to cluster around an equal molar ratio line (fig» 5). The more conductive samples have ratios whose logs tend to diverge significantly from the line.
Although other processes, such as dolomitization and sulfate -reduction, can affect calcium and sulfate concentrations in the waters of this area, the most important chemical control of these ions is probably gypsum precipitation ( fig. 5 ).
The process that primarily controls the concentrations of both potassium and magnesium in solution is probably evaporation without the accompanying precipitation of minerals that incorporate these elements in the lattices. As the calculated conductivity increases, there is a general increase in the concentrations of both potassium and magnesium (figs. 6, 7). Dolomitization may also affect the concentration of magnesium in sabkhah-related brines, but it is not the major process controlling magnesium concentration ( fig. 7) . Butler (1969) extensively discussed the dolomitization process for a coastal sabkhah in the United Arab Emirates. 
3.0

Economics
Most of the world's salt production is from evaporation of brines rather than from mining ancient salt deposits, and brines are used industrially, both directly and for the production of salt.
Currently in Saudi Arabia, there is no known direct industrial utilization of brine, and only small amounts of salt are produced by brine evaporation. In the past, most of the salt used for human consumption in Saudi Arabia was produced in small-scale operations at such places as Sabkhah Murayqib, Aba al Hamam, and Sabkhah ar Riyas (pi. 1).
In these operations, salt is scraped either from the sabkhah surface or from shallow pits, less than 30 cm deep, where ground water has evaporated and precipitated the salt. In most areas where salt is produced in this manner, the water table is less than 40 cm below the sabkhah surface, and the ground water is saturated or nearly saturated with halite.
Some major elements in sabkhah-related brines from the Eastern Province that are of potential industrial interest are potassium, magnesium, sodium, and chlorine.
Outside Saudi Arabia these elements are utilized by industry either directly in brine or after they have been precipitated from the brine by further evaporation.
Potassium is produced from brine at Searles Lake, California, and also from the Dead Sea (Adams, 1975) , where it has been produced commercially since 1932.
The average potassium concentration in Dead Sea brines is 193 meq/1 (Bentor, 1961) , and the log of this concentration is approximately 2.29 ( fig. 6 ).
Although potassium concentrations are relatively high in sabkhah-related brines ( fig. 6 ), few concentrations match or exceed the average concentration of Dead Sea brines.
Magnesium production from brines in the United States is primarily from seawater, but it has also been produced from subsurface brines.
The average log magnesium concentration in the Arabian Gulf is about 2.17 meq/1, and the log magnesium concentration in the Dead Sea is about 3.54 meq/1 (Bentor, 1961) (fig. 7) .
Most samples collected for this study contain more than twice the magnesium concentration of samples from the Arabian Gulf, but none contains as much magnesium as brines from the Dead Sea ( fig. 7) . Wilson (1962) published a brief report concerning the feasibility of producing magnesium from brines in Saudi Arabia, in which he briefly discussed the possibility of using sabkhah-derived ground water as a source of magnesium. He indicated that subsurface brines that had been processed for production of magnesium in Michigan "lost out in the U. S. to production of magnesium from seawater, and it is presumed without any further knowledge that the same factors which caused this switch there would also be operative here" (Wilson, 1962, p. 2) . He also found that replenishment of ground water near the surface of the sabkhah where he dug a hole was slow.
As previously indicated, brines are not currently utilized on a large scale in Saudi Arabia, either directly or for the production of halite. However, much of the world's salt is derived from brines whose density is that of seawater (1.026 gm/cm3) or less.
Most of the samples collected for this study have densities that exceed that of water from the Arabian Gulf, and 59 samples have densities of 1.18 gm/cm3 or greater ( fig. 4) and are close to saturation with halite.
An average water sample collected for this study has a density of 1.18 gm/cm3 or greater and contains about 92 weight-percent sodium and chloride and only about 2 weight-percent sulfate ( fig. 8 ).
In order to evaluate the economic potential of a sabkhahrelated brine, it is necessary to determine how the chemistry of the brine varies with horizontal and vertical position in the sabkhah. Lateral changes of brine chemistry at the water table have been investigated on the coast of the United Arab Emirates (Butler, 1969; Patterson, 1972, unpublished data) . These investigations indicate that away from the sabkhah margins toward the sabkhah center, the chloride concentration, and therefore the density, is high and relatively constant and that both the potassium and magnesium concentrations are relatively high but are more erratic than the chloride concentrations. At Sabkhah al Murayr, ground-water samples were collected at a spacing of approximately 1 km along two perpendicular sample lines (fig« 9). The northwest-trending sample line (line C-D) is approximately parallel to the Arabian Gulf coast in that area. Results of analyses of ground-water samples collected along the two sample lines ( fig. 10 ) tend to support the findings of Butler (1969) and Patterson (1972, unpublished data) with regard to the horizontal variation of element concentrations at the water table.
The sampling in this study was restricted to the water table.
However, on the coast of the United Arab Emirates, Patterson (1972, unpublished data) collected brine samples from depths of as much as 5 m below a sabkhah surface and 3.9 m below the water table. This sampling enabled Patterson to make some preliminary statements concerning changes in the concentrations of major elements in sabkhah-related brines in relation to depth below the water table.
Although only relatively shallow penetrations of sabkhahs on the Arabian Peninsula have been reported, Patterson's work suggests a significant decrease in the amount of chloride, magnesium, and potassium in solution with depth. Potassium concentrations in sabkhah-related brines are probably too low to be commercial.
23
PERCENT OF TOTAL SOLUTE WEIGHT
The concentrations of potassium in these brines are much less than the average concentration in brines in the Dead Sea (Bentor, 1961) or at Searles Lake, California (Adams, 1975) . Whereas it might be possible to produce potassium-containing bitterns as a byproduct from the evaporation of seawater or sabkhah-related brines, it would probably not be economic to produce potassium as a primary product of brine evaporation. Wilson (1962) stated two main objections to magnesiummetal production from sabkhah-related brines.
He indicated that for unknown reasons magnesium metal production from subsurface brine in the United States "lost out" to magnesium metal production from seawater and also that replenishment of water pumped from pits in sabkhahs was slow. Although a few sabkhahs contain some silt-and clay-size sediments, the most common detrital sediment in the sabkhahs visited during this study was eolian sand. Replenishment of ground water did not appear to be a problem in most sabkhahs visited.
As indicated by Wilson (1962) , magnesium metal is not currently produced from the subsurface brines in Michigan; however, magnesium metal can be economically produced from brines other than seawater, such as brines of Great Salt Lake, Utah (Wicken and Duncan, 1975) . The brines in Michigan are used to produce magnesium compounds rather than magnesium metal. Hill and Prosser (1981) indicated that 64 percent of the magnesium compounds produced in the United States in 1979 was produced from Michigan's subsurface brines.
Several companies, such as Dow Chemical Company, Martin Marietta Chemicals, and Velsical Chemical Corporation, produce magnesium compounds from the Michigan brines.
The economic factors that influenced the decision of these companies to produce magnesium compounds rather than magnesium metal are unknown to the author.
Although the type of magnesium product is at least partially determined by local economic factors, most brines with high concentrations of magnesium and sufficient volume have the potential to produce magnesium products.
Because magnesium is commonly produced from seawater and most brine samples collected from the east-coastal belt contain twice as much or more magnesium as Arabian Gulf water, the magnesium concentrations in many sabkhah-related brines are high enough to be of interest. However, one of the most serious impediments to magnesium production from sabkhahrelated brines is the possibility that the relatively high magnesium concentrations found in brines at the water table may not extend more than a meter or two below this surface. This possible failure of the high surface concentration to extend downward is also a potential problem in producing brines for direct utilization or, after further evaporation, for the production of salt.
Currently, only limited information is available about the change in brine chemistry with depth below the water table, and further studies are warranted.
A search for shallow salt bodies without surface exposure, such as the one at the Jayb Uwayyid sabkhah ( fig. 2) , should be attempted. The Jayb Uwayyid salt deposit has some potential for commercial development, either by direct mining or by utilization of the halite-saturated brine. Unlike other sabkhah brines, the sodium and chloride concentrations of a brine pumped from above the salt body at Jayb Uwayyid should not change greatly with depth, and a large volume of halite-saturated brine could probably be produced from this deposit.
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